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Chapter 1
INTRODUCTION OF STRONG
FIELD IONIZATION OF ATOMS
AND MOLECULES
1.1

Strong field ionization

In an intense, infrared or near-infrared laser field, the mechanism of ionization of
atoms and molecules is different from that in low-intensity fields. In low-intensity
fields, the atoms and molecules require photons with enough energy to be directly
ionized via resonance to a certain electronic state with the ionization later or continuum directly. However, in an intense laser field, resonance ionization is not necessary
even for photons with less photon energy limit. The atoms and molecules will experience nonresonant ionization with more photons in the laser field, like nonresonant
multiphoton ionization or tunneling ionization.
When an electron is in an electric field, the averaged energy of the electron can
be given by the ponderomotive potential given by the equation below (Eq (1.1)):

Up =

e2 E02
= 9.33 × 10−14 I0 λ2 (eV )
4mω 2

(1.1)

where I0 (W/cm2 ) is the laser intensity, E0 is the electric field strength and λ is the
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wavelength of the laser. With a typical Ti:sapphire laser output at ~800 nm, when
its pulse intensity is ∼ 1014 W/cm2 , the ponderomotive potential will reach to several
electron volts. If the ponderomotive potential is comparable with the ionization
potential (Ip ) of the atoms or molecules, the tunneling ionization regime ( Fig. 1.1(c))
can compete with the nonresonant multiphoton ionization regime (Fig. 1.1(b)).

Figure 1.1: A representation of (a) REMPI and LIF. (b) Nonresonant multiphoton
ionization. (c) Tunneling ionization (Adapted from Nakashima et al.[52])
The ionization regimes in an oscillate laser field can be classified by the Keldysh
parameter[40] γ = (Ip /2Up )1/2 . If γ # 1, the ionization prefers the multiphoton
regime. If γ $ 1, the strong laser field suppresses the potential barrier (Coulomb
potential) and the optical frequency of the field is low enough, so the electron has the
time to tunnel out of the potential barrier to the continuum (Fig 1.1). The ionization
preferes tunneling regime.
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1.2

Ionization of atoms and molecules in an intense
laser field

In an intense laser field, the tunneling ionization of atoms and molecules has
been interpreted by several models, such as the Ammosov-Delone-Krainov (ADK)[1]
model, the barrier suppression ionization (BSI)[2] model and the Keldysh-Faisal-Reiss
(KFR)[5] model. The ADK theory is based on the 3-dimensional (3D) tunneling ionization model. It predicts that the ionization rate depends on the ionization potential
of the neutral atoms in an external static electric field. It extends a hydrogenlike atom
to a complex atom by a quasiclassical approximation and it successfully predicts the
ionization rate of rare gas atoms. The BSI model describes that the external field
suppresses the Coulomb potential, which results in a lower barrier through which
the electron can decay when the threshold is reached. The KFR model is based on
scattering theory and involves a transition from an initial state of the target to the
final state in an electric field.
With molecules, these theories cannot provide a good prediction of their ionization rate in an intense laser field. This is because the ionization may compete with
molecular decomposition. Furthermore, at higher laser intensity, Coulomb explosion
may happen and induce multicharged ions and fragments.
The BSI model was furthur developed by Corkum et al.[24] who focused on the
molecular ion yield and how it varies with the laser peak intensity. They concluded
that the ion signals was proportional to the logarithm of the peak laser intensity
(Eq(1.2))[24] by using sudden approximation[2] to describe the simple BSI model in
a cylindrical geometry.

S = απR2 clφ[ln(I0 ) + ln(Isat )]

(1.2)
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where α is the instrument sensitivity, R is the Rayleigh length of the focused laser
beam, c is the concentration of the atoms or molecules, l is the length of the cylinder
(i.e. time-of-flying tube) projected on the detector, φ is the ionization branching ratio
which is independent with the laser peak intensity, I0 is the peak laser intensity and
Isat is the saturation intensity of the molecules or atoms. For rare gas atoms, φ = 1
and φ ≤ 1 for molecules due to the fragmentation. With the sudden approximation,
when I0 > Isat , the ionization rate goes to infinity and if I0 < Isat the ionization
rate is zero. Therefore, the saturation intensity (Isat ) indicates the threshold just
needed by the electron to escape from the atom or the molecule. Recently, Dantus et
al.[47] found there was intense signal-to-noise level above Isat of organic molecules in
SFI by using a femtosecond laser. The fragmentation partern of a certain molecules
only depends on the averaged laser pulse duration and it is not related to the laser
pulse shape. Harada et al. also concluded that if there was an overlap between
the molecule radical ion absorption spectra and the ionization laser wavelength (i.e.
800nm for Ti:sapphire fundamental femtosecond laser), the molecule could experience
more fragmentation. The distinct fragmentation og various molecules provides a
potential of using femtosecond laser as an ionization source of mass spectrometer.
The details about mass spectrometry using femtosecond laser will be discussed in
Chapter 4 in details.

1.3

Introduction to each chapter

The thesis is organized as follows:
Chapter 2 introduces a new ion imaging technique which can achieve near universal detection of photofragments in the photodissociation process. The details of this
strong field DC sliced “raster” imaging is introduced followed with the apparatus and
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some samples examined. By replacing the probe laser used to ionize the photofragments with a femtosecond laser, a wider range of photofragments can be detected
compared with the resonant multiphoton ionization. We examine the photodissociation of sulfur dioxide and nitromethane at 193 nm by obtaining the images of SO from
SO2 and methyl radical, NO and O from nitromethane. The SO fragment detection
is used as a calibration of the apparatus and the mechanism of photodissociation of
nitromethane is discussed compared with some investigation via other techniques.
The strong field ionization sensitivity of nonstatistical magnetic quantum numbers
is investigated in Chapter 3. By measuring the argon double cation yield from the
sequential double ionization, we show that the ionization yield is sensitive to the sign
of the magnetic quantum number. The laser beam is split to pump and probe beams
with both circularly polarized. The pump beam ionizes the argon neutral atoms to
single cation at first and then the probe beam ionizes the argon single cation to argon
double cation. This is a sequential double ionization process. The difference of the
argon double cation yield between the same and opposite helicites of the pump and
probe light is ∼ 300% by experimental measurements, which is in fair agreement with
the theoretical prediction. We conclude that in the circularly polarized light field, the
atoms show ionization rate that depends on the sign of the magnetic quantum number
of the argon subshell electrons. However, this is a qualitative investigation with as
yet unknown sign of magnetic quantum number influencing the ionization rate. More
experiments with known orientated atoms product produced should be investigated
in the future.
In chapter 4, a “semi-soft” ionization via strong field ionization is used to identify and classify the component of complex mixture, including isomeric identity. An
femtosecond laser source is utilized as an ionization source of a time-of-flight mass
spectrometer. In an intense ultrashort pulsed laser field, some molecules undergo
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moderate fragmentation, some just minimal fragmentation. This character of the
molecules in strong field is applied to specify the isomers via the characteristic fragmentation of different isomers. The mass spectrum of each isomer are treated as “basis
functions” to identify the concentration of them in a complex mixture quantitatively
by a simple linear combination method. Several pairs of the isomers are examined.
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Chapter 2
STRONG FIELD DC SLICE
IMAGING
2.1
2.1.1

DC Slice raster imaging
Introduction of velocity map imaging (VMI)

The ion-imaging technique was first introduced by Chandler and Houston[12] in
1987 with state-resolutive image of the velocity distribution of methyl radicals from
the photodissociation of methyl iodide. One of the advantages of the ion-imaging
technique compared with Doppler probing[36, 76] and other techniques is that it is
a straight forward way to obtain the translational energy distribution and angular
distribution simultaneously from the photodissociation process. In their design, the
molecular beam was introduced into the main chamber by a pulsed valve coupled
with a skimmer. The parent molecules were dissociated by a photolysis laser on the
axis of a TOF mass spectrometer. They installed a pair of grids in front of the ion
detector. The ions created by the photolysis laser were accelerated through time-offlight mass spectrometer. During the flying, the ion cloud expanded and impinged
onto the surface of a two-dimensional (2D) position-sensitive detector (microchannel
plate (MCP)) coupled with a phosphor screen. The image signal on the phosphor
screen was recorded by either polaroid film or a two-dimentional intensified reticon
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array .
This setup has been widely adapted worldwide as a general design for ion imaging, however the potential of its application was hindered by its low resolution until
the innovation of velocity map imaging (VMI) technique by Eppink and Parker in
1997[21]. They removed the pair of grids from the electrodes and the ion optics acted
as electrostatic lenses to focus the ions sharply onto the ion detector. The ions with
the same initial recoil velocity were focused onto the same spot of the detector regardless of the initial location in the interaction region. As a result, the resolution
of the image was improved dramatically. The ion images obtained from VMI were
still in 2D distribution with the ions detected by MCP. A mathematical transformation, such as the inverse Abel transformation was necessary to reconstruct the 3D
distribution from 2D images[29]. This always introduced some artificial noise into
the transformed images, especially along the laser polarization axis. Another limitation was that the fragment distribution must be cylindrically symmetric with respect
to an axis parallel to the plane of the imaging detector. However, in some cases of
two-color experiments, some special laser polarization alignments for pump and probe
lasers are needed.

2.1.2

Strong field direct current (SFDC) slice imaging as “raster”
imaging

Another technique, termed DC slice imaging[69] was developed in our group.
In this appratus, the central slice of the ion cloud is detected to obtain the 3D
distribution directly. By inserting an additional lens in the ion optics, the ion cloud is
stretched more with relatively lower voltage of the repeller, which is expanded enough
“gate” the MCP detector to sample the central slice from which the 3D distribution
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is directly obtained. The photolysis laser and the probe laser are overlapped and
interact with the molecular beam. The parent molecules are dissociated and the
fragments are ionized at the same position in this geometry.
If the probe laser is not overlapped with the pump laser, it can be offset from
the pump laser to achieve “raster” imaging. In this geometry, the probe laser is set
the downstream of the photolysis interaction area with a certain time delay after
the photodissociation event. By slowly moving the probe laser perpendicularly to
the flight axis (Fig. 2.1), there should be an effective ionization volume which only
depends on the laser focusing volume. If there is an appropriate distance and time
delay between the photolysis event and ionization by the probe laser, the probe laser
can selectively ionize the central slice of the fragment cloud. With only the ions from
the central slice detected by the MCP, therefore, it is not necessary to apply the
narrow time “gate” on the MCP because the probe laser slices the neutral fragment
cloud which is unrelated to the timing of the detector.
Traditionally, the probe laser source is employed to ionize the neutral fragments
by using resonance enhanced multiphoton ionization (REMPI). It can be accessible
easily by visible dye laser light with frequency doubling/tripling. For (N+M) REMPI,
the fragment absorbs N photons simultaneously if the sum of the energy of the N photons equal the energy gap between the ground state and a excited state. Then, the
fragment can be ionized by the absorption of additional M photons. In photodissociation dynamics, state-selective probe of some photofragments can be achieved by
REMPI, especially for some atomic and diatomic fragments.
Many photofragments do not process effective REMPI detection. However, it is
possible to ionize them by a femtosecond(fs) laser with short pulses by strong field
ionization. The photofragments generated from the photodissociation process can be
ionized in an intense laser field via tunneling, with the femtosecond laser as a probe
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laser. When the laser intensity is strong enough and above the saturation intensity
of a certain photofragment, all the photofragments in the laser focal region should be
ionized (sudden model[2]). The key factor of fragmentation in strong field ionization
is whether the absorption resonances of the cations are overlapped with the fs laser
wavelength[27] (all considered here will be Ti-sapphire fundamental, ∼ 780−820 nm).
Fortunately, this implies that for detection of radicals produced by photodissociation,
for which the cations are closed-shell, little fragmentation will be the general rule.
In our experiments, we implement strong field ionization and DC sliced “raster”
imaging together by using a femtosecond laser (Ti-sapphire 800 nm) as a probe
laser to achieve universal detection of ion imaging and explore the detailed dynamics
of polyatomic molecules. We detected the photofragments from the dissociation of
sulfur dioxide and nitromethane via strong field “raster” imaging. The details of the
experimental setup and laser alignment are discussed in the next section.
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2.2

Experimental Setup

Figure 2.1: Schematic diagram of experiment setup for strong field DC slice raster
imaging
The overall experimental setup for strong field DC slice raster imaging with vacuum system and laser sources is shown schematically in Fig.2.1. The apparatus is
pumped separately by different turbo molecular pumps for source chamber, differential stage and main chamber. With the differential stage reducing the pressure
in the main chamber, the background signal from the ionization in main chamber
can be further reduced. In normal operation, the pressure of source chamber and
main chamber was ∼ 10−6 torr and ∼ 10−9 torr, respectively. A gas sample seeded
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in helium was introduced via a piezo valve and nozzle (1 mm) operating at 100 Hz
with backing pressure of 1 bar. The pressure was ∼ 10−5 torr and ∼ 10−8 torr in the
source and main chambers with the molecular beam turned on, respectively. After
passing through a skimmer, the molecular beam entered the differential stage and
then arrived the region of main chamber via a slit between the differential stage and
main chamber. This slit could reduce the number density of molecular beam in reaction area between repeller and extractor to avoid strong space charge effect. There
were additional two lenses behind the extractor in the ion optics part to stretch ion
cloud. The molecular beam was intersected at a right angle by laser beams. An excimer laser (ArF, 100Hz, EX10, GAM Laser. Inc.) operated at 193 nm was utilized
as a photolysis laser with a ∼40 cm focal length lens. The photolysis laser beam
was loosely focused to molecular beam with the distance between the focus lens and
beam around 30 cm to assure a large photodissociation volume. The probe laser was
provided by a near infrared femtosecond Ti:Sapphire amplified laser system (800 nm,
∼70 fs, 1 kHz, KMlabs, Wyvern 1000) with 40 cm focusing. The power of the probe
laser was adjusted manually by several neutral density filters set in front of the focus
lens with pure horizontally polarization. To do the “raster” imaging, the time delay
between the photolysis and probe laser beams was several microseconds. As a result,
with enough expansion of the fragment cloud, the probe beam could be focused on
the central slice of the ion fragments. The focus lens of the probe beam was placed
on a translational stage in order to be moved vertically to scan the photofragment
cloud. After passing through a 1 m field free flight tube, the ions were detected by
using a dual MCP/phosphor screen detector with 120 mm diameter.
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2.3
2.3.1

Photodissociation of SO2 at 193 nm
Introduction

We first tested our new apparatus with the photodissociation of sulfur dioxide
(SO2 ) at 193 nm to examine the detection efficiency and resolution. The transition of
"1 A ) begins around 240 nm with the products of SO (3 Σ+ ) and O (3 P
SO2 (C! 1 B2 ← X
1
J

) at the threshold around 219 nm (5.66 eV) discussed by Okabe et al[54]. Dynamic
measurements between 193 nm and 218 nm with several experimental techniques[61,
33] have been conducted in this range. At these energies, there is insufficient the
excess energy to produce electronically excited products.

Figure 2.2:
Brouard[9].

Schematic potential surface of SO2 predissociation adapted from

The electronic potential surface of SO2 with some low-lying electronic states is
shown in Fig. 2.2. There are several arguments focusing on the SO2 predissociation
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mechanism which is not well understood: there may be internal conversion to the
"1 A , intersystem crossing through a triplet state (23 A" ) and
ground electronic state X
1

inferral crossing to a singlet state (31 A1 ).

Katagiri et al.[35] summarized some previous work and investigated the photo
" band with
of SO2 using the laser induced fluorescence (LIF) spectrum of C! − X

some theoretical calculations. They concluded the dominant mechanism was the

" but there may be
internal conversion between the C! band and the ground state X,

additional dissociation channels through the crossing the triplet state (23 A" ) and that
through a singlet state (31 A1 ). More experiments conducted with quantum beats
and measurements of fluorescence lifetime and quantum yield[64, 73] imply the major

channel of the predissociation was through the internal conversion to the ground state.
The photodissociation of SO2 was also investigated by the VMI technique. In
2000, Houston et al.[19] studied the reaction by REMPI of O (3 PJ ) atoms at the
photolysis wavelength between 202 and 207 nm. The conclusion of their research was
a disagreement with most previous work. They suggested two different predissociation
mechanisms related to the change of internal energy and the dominant mechanism
below 203 nm was an avoided crossing with the singlet state (31 A1 ). Brouard et al.[9]
investigated the photodissociation at 193 nm by REMPI of ground state O (3 PJ )
coupled with VMI. They focused on the orbital polarization of O and indicated that
the orbital polarization could be from internal conversion or the coupling with triplet
state. Some experiments conducted by infrared diode laser to detect the rovibrational
transition of SO fragments[33] from the photodissociation of SO2 at 193 nm agreed
with the statement about coupling with triplet state. By time-resolved Fourier transformed infrared emission spectra, the vibrational excited SO fragments were observed
from the photolysis of SO2 at 193 nm by Dai et al.[48] in 2012. They concluded two
distinct dissociation machanisms with the product of excited vibrational SO frag-
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"
ments: the internal conversion between between the C! band and the ground state X

and the intersystem crossing to the triplet state.

Another mechanism of the predissociation, the intersystem crossing to singlet
state, is suggested by Ray et al.[61] through the dispersed emission spectra. They
observed the spectra at the excitation energy around 200 nm lower than the other
researchers. The result is different from the other researchers and may be an indication
that the repulsive singlet state undergoes an avoid crossing with the C! band.

In summary, the machanisms of predissociation of SO2 seems inconsistent. It

is possible that exists different mechanisms in various wavelength as concluded by
Houston et al. In our work, we used SFDC raster imaging to detect SO fragments
and obtain the translational energy and angular distribution. The image and the
translation energy obtained are used as a calibration for the other experiments.

2.3.2

Experiment

The experimental setup of SFDC raster imaging is almost same as discussed in
last section and some details are specified here. The SO2 (Air Products, liquefied,
anhydrous grade) gas sample was seeded with helium at ∼20% concentration by
∼2 bar backing pressure. Helium was utilized as carrier gas to avoid ionization by
the probe laser due to its relative high ionization penitential. As discussed earlier,
an unpolarized ArF excimer was operated as a photolysis laser at 193 nm with the
power ∼3mJ. The probe laser (Ti:sapphire, ∼800nm, 1 kHz,KMlabs, Wyvern 1000)
set on the translational stage can be moved ∼11 mm to scan the central slice of the
expanded ion cloud with 0.005 mm and 1 ms for each step. The power of the probe
laser was reduced by a ND filter to keep the power ∼0.6 mJ in order to avoid the
space charge effect when too many products or parents molecules are ionized. The
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SO fragments produced during the dissociation event at the ground state were ionized
directly to the continuum by the probe laser via strong field ionization between the
repeller and the extractor. The voltage of the repeller was maintained at +200 V and
for the extractor was +180 V. After SO fragments were ionized, they were accelerated
by the repeller through the ion optics and flight tube, then detected by dual MCP
coupled with phosphor screen. The image of the products was recorded by a CCD
camera operated at 30 Hz. The piezo valve, photolysis laser and the MCP were all
synchronized by a delay generator in 100 Hz operation rate.

2.3.3

Results and discussion

Fig 2.3 shows image of the SO (3 Σ+ ) photofragments from the photodissociation
of SO2 at 193 nm. The center spot in the image is the SO fragments from the SFI
of SO2 because when the probe light scanned over the molecule beam, it generated
some fragmentation with SO generated. The ring in the figure indicates an almost
isotopic angular distribution with the photolysis laser unpolarized. This is in agreement with the measurement from Kawasaki et al. about the angular distribution of
SO photofragment by photodissociation of SO2 at 193 nm. According to their observation, the anisotropy of the photodissociation event is zero owing to much greater
dissociation lifetime compared with molecular rotation time.
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Figure 2.3: Image of SO photofragments from the photodissociation of SO2 .
The anisotropy parameter (β) for the SO (3 Σ+ ) photofragment is extracted from
the image with the following equation(Eq(2.1)):

I(θ) =

1
(1 + β(P2 (cosθ))
4π

(2.1)

where θ is the angle between the SO fragment velocity and the photolysis light
polarization (linear polarized) direction, and P2 (cosθ) = (3cos2 θ − 1)/2 is the secondorder Legendre polynomial. From the analysis, the anisotropy parameter β is around
0.12. Because the photolysis light is unpolarized, the light is mixed with horizontally
and vertically polarized lights. The real anisotropy parameter of the photodissociation
event should be around 0.24, twice of the result obtained from the image. Brouard
et al. measured β and obtained a result around 0.12, which is in fair agreement with
our measured value of 0.24.

18

Figure 2.4: The anisotropy parameter of the photodissociation of SO2 at 193 nm
simulated from SO image.
The cofragment in the photodissociation event is O (3 PJ ), thus the speed distribution of O (3 PJ ) can be obtained from the speed distribution of SO fragment by
momentum conservation. In Fig. 2.5, the speed distribution of O (3 Pj ) recoiling
from SO fragments is compared with the data obtained by Brouard et al. They investigated the 193 nm photodissociation of SO2 with VMI by REMPI of there spin-orbit
states of the ground state O (3 PJ=0,1,2 ). The speed distribution from our experiment is comparable with the data obtained by REMPI. The slow component in the
speed distribution is from the SO fragment generated by strong field dissociation of
SO2 . Then the SO fragment speed distribution is used as a calibration of velocity per
pixel to examine the photofragments speed or translation distribution from the other
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molecules photodissociation event at 193 nm.

Figure 2.5: Velocity distribution of O(3 P ) regenerated from the velocity distribution
of SO fragment[9].
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2.4
2.4.1

Photodissociation of nitromethane in 193nm
Introduction

Nitromethane has two main transitions in the UV absorption spectrum[31, 57].
One is a weak transition (π ∗ ← n) at ∼270 nm[4], and the other one is a strong
transition band (π ∗ ← π) on the side of NO2 around 198 nm[51], which is supported by calculation from Flicker[22]. Experimentally, numerous studies focused on
the photodissociation process of nitromethane within the π ∗ ← π transition mostly.
The primary channel is suggested as the bond cleavage of C-N bond involving the
product of methyl radical and excited NO2 (2 B2 ). Some researchers concluded other
minor dissociation channels producing oxygen or HNO[67]. Blais et al. determined
the cross section of C-N dissociation as 1.7 × 10−17 cm−1 at 193 nm via π ∗ ← π
transition[7]. Butler et al. measured the translational energy distribution of the
product[10] generated from nitromethane photodissociation at 193 nm via product
emission spectroscopy and photofragment translational energy spectroscopy. They
concluded the excited NO2 (2 B2 ) product from the major channel can decay to NO
and O spontaneously, given little internal energy in methyl radical generated with
NO2 (2 B2 ) .
Lao et al. observed the resolved emission spectrum from nitromethane via excitation of π ∗ ← π transition at 200 and 218 nm[41]. Their conclusion supported
the mechanism proposed by Butler et al. The conclusion from Houston et al. by
using REMPI and TOF spectroscopy was also consistent with the earlier result of
two channels in the dissociation. They measured the internal energy of methyl and
ground state NO (X 2 Π) and translational energy distributions of methyl, excited NO
(A2 Σ+ ) and O(3 P ) via 193 nm photodissociation of nitromethane. They believed
the minor channel producing NO2 in another excited state generated the products of
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excited NO(A) and O(3 P ).
There is some theoretical and experimental research related to the infrared multiphoton dissociation (IRMPD) of nitromethane as well. In 1986, Wodtke et al. investigated the dissociation of nitromethane via IRMPD[75]. They suggested another minor
channel via the isomerization of nitromethane producing CH3 O and NO. They determined the branching fraction of NO vs NO2 production was 0.4 and the barrier of isomerization was around 55.5 ± 1.5 kcal/mol, lower than the C-N bond breaking energy
(59 kcal/mol). By theoretical calculation, the key question is whether there is a loose
or tight transition state during the isomerization. Some research determined this was
a tight transition state for nitromethane isomerization to CH3 ONO[20, 49, 53, 32],
but some concluded an opposite determination[63]. Recently, M. C. Lin et al.[79]
found that in addition to isomerizing to trans-CH3 ONO, CH3 NO2 can also isomerizes to cis-CH3 ONO by a loose transition state. This loose transition state indicates
a roaming mechanism for the isomarization process exists potentially with NO and
CH3 O produced.
In our experiment, we detected the NO, methyl radical and oxygen fragments
produced from the photodissociation of nitromethane at 193 nm via SFDC slice raster
imaging. The translational distribution of each fragment detected will be discussed
to determine the mechanism of the photodissociation.

2.4.2

Experimental

The experiment was preformed in the same SFDC slice raster imaging apparatus
described in last section. Briefly, a gas sample containing 2% nitromethane seeded
with helium was introduced by a piezo valve coupled with a skimmer. After passing
through the differential stage via a slit, the molecular beam entered the main chamber

22
and interacted with the photolysis and probe lasers. The photolysis laser source was
a ArF Excimer laser (EX/10) with a power of 0.6 mJ. The probe laser was provided
by a femtosecond laser (Ti:sapphire, ∼70 fs, KMLab, Red dragon) with 1.0 mJ power
scanning over the central section of the ion cloud. The produces were ionized directly
to the continuum. The ions were detected by a MCP/Phor detector and averaged by
CCD camera.

2.4.3

Result and discussion

Due to relatively lower ionization potential of nitromethane compared with the
photofragments (i.e. methyl radical, NO and O et al.), when the probe laser scanned
over the central slice of the ion cloud vertically, it was moved about 1.5 mm with the
faster speed when it met the molecular beam to avoid too much fragmentation from
the strong field dissociation of parent molecules, which produced a gap in the center
of the images.
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Figure 2.6: Image and translational energy distribution of methyl radical by SFDC
raster imaging.
Fig 2.6 shows the image of methyl radical and its translational energy distribution
derived from the image of methyl radical. It has a broad distribution from zero to
∼30 kJ/mol with a peak around 8 kJ/mol.
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Figure 2.7: Image and translational energy distribution of NO by SFDC raster imaging.
The image and translational energy distribution of NO are shown in Fig. 2.7.
There is a feature around 3 kJ/mol with a broad distribution to 40 kJ/mol. The averaged value of this translational energy distribution is ∼23 kJ/mol. Because in SFI,
it is hard to operate state selective detection of the fragments due to the direct ionization to the continuum state. The NO fragments detected by SFI that included all the
NO products in different electronic states. We also detected some signal at mass-tocharge ratio (m/z) = 16 indicating the detection of O atoms. Figure 2.8 displays the
translational energy distribution of oxygen atoms from the photodissociation with a
peak at 8 kJ/mol and a broad distribution to 25 kJ/mol.

25

Figure 2.8: Translational energy distribution of O by SFDC raster imaging.
The broad translational energy distribution of methyl may indicate not only one
mechanism in the photodissociation event. In 193 nm π ∗ ← π transition, the C-N
bond cleavages with the products of ground state methyl and NO2 is suggested as the
primary channel. Some NO2 produced in this channel with more internal energy can
experience unimolecular decomposition with NO and O.
The available energy of one 193 nm photodissociation process can be expressed as
P
Eavail = hν + Eint
− D0 (R − N O2 ) = EE + ET + EV + ER

(2.2)

with the conservation of energy, where Eavail equals the photon energy of 193 nm
P
plus Eint
(the internal energy of parent molecules) minus the energy needed to break

C-N bond. During the photodissociation process, the available energy is partitioned
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into the translational, electronic, vibrational and rotational degrees of freedom of the
photofragments. In the supersonic molecular beam, the internal energy of parents can
be estimated to be zero, and for the photofragments, the internal energy of methyl
is assumed to be zero with ground state CH3 from the observation of Houston et al.
With 250 kJ/mol of the C-N bond break energy obtained by M.C. Lin et al. (Fig. 2.9),
if we use the lower translational energy of methyl around 8 kJ/mol with D0(N O−O) =
301kJ/mol, the translation energy of NO2 should be around 49 kJ/mol. Because
of the momentum conservation, the energy partitioned into NO and O including
translational and internal energy should be 17 kJ/mol and 32 kJ/mol, respectively.
From the experimental translational energy of NO in Fig 1, there is some NO products
with lower translational energy lower than 17 kJ/mol, corresponding to the ground
electronic state of NO(X). This is the product from unimolecular decomposition of
NO2 from the major channel. This conclusion is consistent with the observation of
Butler et al.[10] and Houston et al.[50]

Figure 2.9: Schematic energy level of nitromethane dissociation computed at the
UCCSD(T)/CBS level. (Adapted from [79])
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Another minor channel suggested by Butler[10] is the multiphoton dissociation of
NO2 product with NO and O generated. In this process, the NO2 can absorb another
193 nm photon and be excited to another state, and then it dissociates to NO(A) and
O(3 P ), corresponding to the faster component observed in NO translational energy
distribution. In our data for the NO translational energy distribution, the averaged
tranlational energy is ∼23 kJ/mol with intense signal beyond 17 kJ/mol which cannot
be explained by the spontaneously decay of NO2 in the primary channel. One way
to explain that is the NO product from the multiphoton dissociation of NO2 gained
more available energy partitioned into the tranlational energy of the products. In this
process, the NO products could be produced at the NO(A) excited state.
In addition, there may be other channels based on the theory by M.C. Lin et
al.[79]. Their result indicates nitromethane can isomerize to cis-CH3 ONO by a very
loose transition state lying ∼2.5 kJ/mol below the C-N bond rupture channel. Their
loose transition state is similar to a “roaming” mechanism[28] during the isomerization. The available energy in this process in single photoionization at 193 nm is
439 kJ/mol, which can be partitioned into the internal and translation products of
methoxy radical and ground state NO. The NO generated in this process should be
with more translational energy. This isomerization-mediated roaming mechanism has
been discovered in the photodissociation of nitrobenzene at 226 nm[28]. However, it
could be a potential channel which can compete with the breaking C-N bond channel
in the photodissociation process of nitromethane at 193 nm.

2.4.4

Conclusion

We reported a new ion imaging technique named SFDC slice raster imaging to
investigate the photodissociation of nitromethane at 193 nm. The translational en-
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ergy of methyl radical, NO and O were measured with the images obtained and they
were consistent with the previous experiment results. We conclude that the NO fragments can be produced via at least two channels: NO2 spontaneous dissociation with
sufficient energy in the single photon process is the primary channel, and there is
multiphoton dissociation of NO2 with another 193 nm photon energy in the dissociation process. It is possible that other mechanism of NO production may exist. More
investigations are needed to explore this multichannel photodissociation process.
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Chapter 3
ATOMIC ORIENTATION
DEPENDENCE OF STRONG
FIELD IONIZATION
3.1

Introduction to strong field ionization rate dependence

3.1.1

Atomic alignment and orientation

The process of strong field ionization (SFI) can be interpreted by a two-step
model. First, a intense laser field suppresses the Coulomb potential of the atom,
which results in the tunneling of a bound electron to the continuum. Second, the
free electron with zero initial kinetic energy is accelerated by the laser field and
receives a linear momentum that is only related to laser field strength at the tunneling
time. There are several models developed to simulate the ionization process for atoms
in the intense laser field: the Amosov-Delone-Krainov (ADK)[1] model, the barrier
suppression ionization (BSI)[2] model and the Keldysh-Faisal-Relss (KFR)[5] model.
These may be used to predict the ionization rate in SFI. All of them conclude that
the ionization rate for atoms depends on the alignment of electronic orbitals, which is
described by the distribution of the absolute value of the magnetic quantum number,
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|m| , in a linearly polarized field[5] (Eq (3.1)):
ω∝(

(2l + 1)(l + |m|)! 3F0 1 2F0 2n−|m|−1 2F0
)(
)2 (
)
e 3F
2|m| |m|!(l − |m|)! πF
F

(3.1)

3

where ω is the ionization rate, F0 = (2E0 ) 2 , E0 is the ionization potential, F is the
laser field strength, n is the principle quantum number, l is the angular momentum quantum number and m is the magnetic quantum number. L. Young et al.[78]
observed orbital alignment dependence of krypton atoms generated in strong-field
ionization by the absorption of X-ray and E. Gouliemakis et al.[23] reported the density matrix in atomic krypton ions of valence electron motion by the measurement of
attosecond extreme-ultraviolet pulse absorption. The sensitivity of orbital alignment
is also observed from xenon atoms by SFI using high-order harmonic transient absorption spectroscopy[46]. Recently, we demonstrated this sensitivity by measuring the
angular dependent ionization rate of sulfur atoms produced from photodissociation
of carbonyl sulfide and ethylene sulfide[44].

Figure 3.1: Schematic diagram of isotopic, alignment and oriented atoms.
However, the sensitivity of strong field ionization to atomic orbital orientation or
helicity, which is proportional to the net magnetic moment determined by the sign of
magnetic quantum number, is less obvious. There has been no previous experimental
work and only some theoretical treatments. Although there was an explicit formula
for strong field ionization developed by Tulenko et al.[71], the formula still does not
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include the sign of m, only the dependence on the absolute value of m. There was a
theoretical paper published recently by Bath et al.[3] who first developed a formula
for SFI containing an anisotropic m distribution and discussed the dependence of
ionization rate of the atomic orientation. They predicted the strong-field ionization
rate of m = −1 orbital in a right polarized light field is three times higher than
that of m = 1. In fact, it has already been reported that in weak field limit the
circularly polarized light given a higher ionization rate for the corotating electron (i.e
for positive m, higher ionization rate with right circularly polarized light) in singlephoton ionization and field ionization of Rydberg states.
Understanding the dependence of strong field ionization on atomic orientation
is important to many aspects of chemical dynamics. Aligned or oriented atomic
fragments are produced in the process of photodissociation and the products reflect
the details of the dynamics such as state symmetry, curve crossing and coherence. The
traditional method to probe the aligned/oriented atoms is using REMPI without any
time-resolution. By SFI detection, it is possible to provide more details about the
chemical dynamic process in the real time electron density rearrangement with time
resolution of the m distribution. The sensitivity of orbital orientation in SFI is also
very important to the field of attosecond dynamics because circularly polarized light
may play a role in generation of isolated attosecond pulses.

3.1.2

Sequential and non-sequential double ionization

As discussed earlier, in an intense laser field, a electron can tunnel out through the
Coulomb barrier when the potential surface is suppressed by the laser field. If there
is another electron ejected from the parent atom after the single cation formed, it is
a sequential double ionization (SDI) process because there is no interaction between
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the two electrons and the two electrons are removed from the parent independently
and sequentially.
Another process is non-sequential double ionization (NSDI) with both electrons
ejected simultaneously, especially in the linearly polarized laser field. After the first
electron is removed from the parent atom, it will be accelerated in the laser field and
gain considerable kinetic energy with the momentum. When the electric field changes
the sign, the free electron will be driven back to the parent ion. After the recollision
with the parent ion, the electron can collide with another electron and both of them
will rescatter to form the double cation. This is a polarization dependent mechanism
because in the circularly polarized laser field, the rotating electron field prevents the
free electron from being driven back to the parent ion so the non-sequential double
ionization process is strongly suppressed. This has already been observed in the
experiments.
We can exploit sequential double ionization using the strong field both to prepare
an oriented ion and to probe it (Fig. 3.2). The sequential double ionization yields
of argon are compared using two nearly circularly polarized laser pulses with the
same or opposite helicities. If there is a higher ionization rate with a certain sign of
the magnetic quantum number, the single cation generated by the first pump pulse
will have oriented orbital angular momentum (with anisotropic m distribution). The
probe laser pulse will detect this anisotropic distribution and the difference of total
ion yield of argon double cation will be observed depending on the same or opposite
helicities of pump and probe laser pulse.
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Figure 3.2: Schematic diagram of argon sequential double ionization by two nearly
polarized laser field.

3.2

Experimental Setup

34

Figure 3.3: Diagram of the designed pump-probe setup using circularly polarized
laser field.
The experiment is carried out using a modified velocity map imaging apparatus,
but we only use it here as a TOF spectrometer to measure the ion yield. The source
chamber and main chamber are pumped by two turbo-molecular pumps, respectively.
The continuous argon beam is introduced by expanding argon through a 20 micron
diameter nozzle coupled with a skimmer and then the argon are ionized by laser beams
between the repeller and extractor electrodes of the TOF mass spectrometer. The
infrared laser beam is a 4 mJ/pulse, ∼ 70f s, 1 kHz with a Ti:sapphire amplification
system, and it is split into two beams as pump and probe, with the power of 300 µJ
and 600 µJ, respectively (Fig. 3.3), using a Mach-Zenhnder type interferometer. The
focused laser intensities of pump and probe laser beam are ∼ 9 × 1013 W/cm2 and
1.4 × 1014 W/cm2 , with 40 cm and 50 cm focal lens, respectively. To achieve SDI, the
laser intensity of pump beam is lower than that of the probe beam to avoid NSDI. The
pump beam ionizes the argon atom to single charged cation at first, then the probe
beam ionizes the single cation to double cation. Both of them are nearly circularly
polarized via two separate quarter wave plates. The measured ellipticity of the probe
beam is ∼0.8. The helicity of the pump beam is changed by rotating the quarter wave
plate in front of the focal lens by 90 degrees. The measured ellipticities of the pump
beam with right and left circularly polarization are 0.88 and -0.80, respectively.The
pump and probe beam are collinearly circularly polarized and delayed by a motored
translation stage with continuous translation and recombined in front of the TOF
spectrometer. After the argon ions generated by both laser beams fly through the
20-cm-long field free time-of-flight tube, they are detected by an MCP coupled with
a phosphor screen, and a charged coupled device (CCD) camera averages the signal
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coupled with IMACQ[42] acquisition program.

3.3

Results

In Figure 3.4, we show the time dependent trace of argon dication yield. The
negative number of the pump-probe time delay indicates the probe beam is earlier
than the pump beam initially. The time delay of the probe beam is changed by a
translation stage with the pump beam fixed. When the probe beam is moved to
overlap the pump beam temporally, extensive signal of argon dication is produced
due to the non-sequential double ionization. When the probe beam is later than
the pump beam, the argon dication yields of the same and opposite helicity of both
beams are compared. For analysis, we use a time delay more than 500 fs to avoid any
nonsequential double ionization.

Figure 3.4: The time dependent Ar2+ yield. The grey arrow marks the time delay
used for the data extraction.
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We measured the ion yield of argon dication under four laser conditions: both
lasers on (Ipp ), pump beam off (Ipu ), probe beam off (Ipr ) and both beam off (Id ,
dark counts). The ion yield of argon dication was averaged for ten data sets under
each conditions for 200 seconds each, shown in Fig 3.5. The yield of argon dication
was calculated by using the equation ISDI = Ipp − Ipr − Ipu + Id .

Figure 3.5: The ion yield of Ar2+ under different laser conditions. The inset is a
zoom-in of the ion yields with the probe laser blocked and both laser blocked.
ISDI−LR is used to represent the ion yield of argon dication obtained for opposite
helicity between the pump and probe laser beams and calculated as 4.21±0.98 in
arbitary units. For ISDI−RR , it is 1.16±0.92. The experimental ISDI−LR and ISDI−RR
are clearly distinct. The single argon ion yield generated by pump beam alone in right
and left circular polarization is measured to rule out the slight ellipticity difference.
The difference is only <3% between the right and left circularly polarized light, and
it is consistent with the argon dication yield generated by only the pump beams (Ipu ),
∼4% difference between two helicities. Hence, the difference ( >300% ) observed in
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the SDI of argon is indeed produced by the difference in relative helicity between the
pump and probe beams. Another way to explain the result is the pump beam first
ionized the argon atom by removing a electron with one sign of m, then the probe
beam with opposite helicity can further ionize the sublevel with the opposite sign of
m. However, for the probe beam with the same helicity, the ionization rate is lower
because a given m sublevel has been already reduced by the pump beam.

3.4

Discussion

To further analyze the data, we need to establish a relationship between the
ionization rate and the argon double cation yield obtained from the experiment. We
also need to extract the ionization rate ratios between the sublevel of m = −1 and
m = 1 in the circularly polarized laser field. The electrons are ionized from the
argon 3p subshell, with magnetic quantum numbers: −1, 0, +1. The ionization rate
from these sublevels in right circularly polarized light can be labeled as ω −1R , ω 0R
and ω+1R , respectively. By symmetry, the assumption ω−1R = ω+1L , ω0R = ω0L ,
ω+1R = ω−1L should be true. Then, the ratio of argon double cation yield between
two different helicity configurations can be written as:
!

I(SDI−LR)
(α + β)α + (1 + α)β + (1 + β))
=(
)
I(SDI−RR)
(1 + β)α! + (1 + α)β + (α + β)

(3.2)

!

"
where, α = ω(−1R) /ω(+1R) , α = ω(−1R)
/ω " (+1R) , β = ω0R /ω(+1R) , β " = ω " 0R /ω " (+1R) .

The prime denotes the ionization rate related to the probe laser beam, because the
ionization rate of pump and probe beam should be different due to different ionization
potential and laser intensities. Compared with the ionization rate of m = −1 and
m = +1, the ionization rate of m=0 is very small based on the calculation by Barth
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et al. Thus, β and β " approach zero, and we obtain the simpler equation (Eq (3.3)):
!

I(SDI−LR)
(αα + 1)
=
I(SDI−RR)
(α + α" )

(3.3)

If the ratio is 1, that indicates there is no dependence of the ionization rate on the
signs of the magnetic quantum number. Therefore, there should be no enhancement
in the observed ion yield. If the ratio is non-unity, this implies strong field ionization
for circularly polarized light involves a higher ionization rate for one sign of m over
the other, for both neutral atoms and for single ions. From the experimental data,
the ratio obtained is 3.63. If we substitute this value into the simplified equation (Eq
(3.3)), the values of α and α" can be obtained and the plot of α vs α" is displayed
in Figure 3.6. If we assume α ) α" , we get the point shown on the hyperbola. The
theoretical value is also shown on the plot and discussed below. Both ratios are
higher than 3.63 while the exact values depend on their positions at the hyperbola.
The ratios more than unity indicate that in the processes of ionizing neutrals and
single ions by circularly polarized light, the same sign of m is preferred.
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Figure 3.6: The experimentally constrained ratios of strong-field ionization rates between m=1 and m=-1 sublevels of neutral argon atom and argon single ion by right
circularly polarized light.
Another needs to be emphasized here is that it is not possible to identify which
sign of m given a higher ionization rate. Due to the symmetry of the equation with
simplification, the equation would not be changed if we inverse the definition of α and
α" . To identify the exact preference of which sign of m, we need to measure the ionization rate of some orientated atoms with a known helicity in some photodissociation
process, such as ICl[60] and O3 [39].
We also may compare our measurement with the prediction from theory. The
Keldysh parameter γ for our pump and probe laser intensity for argon is ∼1.2 and
∼1.3, respectively. In the discussion of Barth et al. [3], the ionization rate of a p level
can be calculated by the equation below:
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ωpm (E, ω) = Ip |Cκl |2
where E0 = (2Ip )3/2 , κ =

#

2E0
E
hpm (γ)e− 3E g(γ)
2E0

(3.4)

2Ip , Cκl is the characterization of the asymptotic

behavior of the radial wave function, which is related to orbital quantum number l.
The function in the exponent is:

g(γ) =

#
3ζ0
(1 + γ 2 )(ζ02 /γ 2 + 1)
γ 2 (1 − ζ02 )

The factor including the sign of m is hpm (γ) =
ζ0 is a parameter must satisfy the equation

$

2)
hs (γ) 3(1+γ
(
2(1−ζ02 )

ζ02 +γ 2
1+γ 2

=

$

1
tanh 1−ζ
0

(3.5)
ζ02 /γ 2 +1
∓ ζγ0 sgn(m))2 .
1+γ 2

$

ζ02 +γ 2
(0
1+γ 2

≤ ζ0 ≤ 1).

Then α and α" can be obtained by the ratio of ionization rate of sublevel m = +1 and
m = −1 of pump and probe beam from the equation by substituting the appropriate
Keldysh parameter into the equation. This gives values for of α and α" of 4.0 and 4.2
for the pump and probe laser, respectively. The ion yield ratio is 2.17 by substituting
these two ratios into the equation (Eq. (3.3)). If we assume α is nearly equal to α"
due to the similar Keldysh parameters (1.2 and 1.3) in our experiment (Fig. 3.6), we
obtain α ≈ α" = 7.1, which is almost twice the theoretical value. The uncertainty
in the experiment is large because of the approximations of laser intensity and focal
volume averaging. Therefore, we can conclude the result from the experiment agrees
reasonably well with the prediction of theory.
However, we should include the laser intensity averaging and focal volume into the
comparison of the experiment and the theory to achieve more realistic comparison.
Here we try to show how the laser intensity averaging influences the ion yield ratio.
The laser pulse used to estimate the ionization ratio is Gaussian-shaped with a 70
fs full width half maximum (FWHM), and a temporal intensity profile of F (t). To
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match the average intensity measured in the experiment with the integration of the
total pulse envelope, the peak intensity is adjusted. We use the same form of Eq (3.3)
and just replaced α and α" with the ionization probability ratios, which are computed
´
´
´ "
´ "
as χ = ω−1R [F (t)]dt/ ω+1R [F (t)]dt and χ" = ω−1R
[F (t)]dt/ ω+1R
[F (t)]dt. The
"
"
ω−1R [F (t)] (ω−1R
[F (t)] ) and ω+1R [F (t)] (ω+1R
[F (t)] ) are the ionization rates of

m = −1 and m = +1 for the pump and probe beams at an intensity of F (t), respectively. The ionization yield ratio result from this integration between the two
helicity configuration is 1.56. It is smaller than both the result (3.63) from the experiment and the result (2.17) from the calculation of theory. Another point that will
further reduce the ratio is the averaging of the focal volume. Although there is a fair
agreement between theory and experiment, a rigorous calculation will require better
signal-to-noise ratio and beam characteristics

Figure 3.7: The relative rotation between the electrons and the laser polarization
can affect the ionization probability if the suppressed Coulomb barrier is viewed as a
doorway for tunneling. (a) Corotating electrons and the suppressed Coulomb barrier
reduce the ionization rate. (b) Counter-rotation enhanced the ionization rate. (c)
The opposite phases of the pz (p0 ) orbital lead to a destructive interference and thus
a reduced ionization rate.
There is an intuitive way to understand the preference of m in strong field ionization by circularly polarized light. In this picture, the suppressed Coulomb barrier
(SCB) is considered as a “doorway” for the electron to “tunnel” under the barrier to
the continuum (Figure 3.7). However, this doorway is not fully open and it is only
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with a certain probability (P) that electrons can tunnel out even though they are
spatially close to this doorway. This doorway is rotating at the frequency of the laser
in circularly polarized light. For rotating electrons with nonzero magnetic quantum
number, the helicity is determined by the sign of m. The encounter frequency between
the electrons and the suppressed barrier (γ) can be affected by the relative helicity
between the electrons and the photons. We use the equation γ = νe±νL to estimate
the encounter frequency, where νe , and νL are the frequency of the electron rotation
and the laser frequency, respectively, and the plus sign means the opposite helicity.
The final ionization probability is estimated to be γP . By this simple picture, we
can approach several conclusions: (i) electrons counter-rotating with the laser helicity
will be preferably ionized; (ii) The ionization rate increases with the laser frequency
for counter rotating but decreases for corotating electrons while the ratio between
them increases; (iii) the ionization rate for m = 0 sublevel is greatly reduced due to
a destructive interference. These results are in general agreement with the previous
theory.
In summary, we discovered that the strong field ionization rate of circularly polarized light depends on the relative helicity of the photon and the electron. The
conclusion is obtained by measuring the ionization yield of argon dication with two
spatially overlapped but temporally delayed near circularly polarized lasers. From
the results, we conclude that the ionization rate for both argon neutral and ion is
enhanced for the same sign of the magnetic quantum number although this sign is
undetermined in the experiment. In the future, the experiments of krypton and xenon
will be investigated to explore the effect of the spin-orbital coupling on the ionization
rate by circularly polarized laser.
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Chapter 4
ISOMER SPECIFIC DETECTION
VIA “SEMI-SOFT” IONIZATION
4.1
4.1.1

Introduction to isomer specific detection
Isomer specific detection via synchrotron radiation and
electron impact.

Isomer specific detection has already been investigated by synchrotron radiation
and electron impact technique for many years. In synchrotron studies, the “soft”
vacuum ultraviolet photoionization is used to generate the full shape of the photoionization efficiency (PIE) curves. It is an efficient way to detect the complex mixtures
of isomers and related compounds in flame studies and kinetics experiments and operated by Advanced Light Source (ALS)[8, 30, 65].
In 2003, T. Cool et al. first implemented synchrotron radiation to investigate
hydrocarbon flame chemistry by flame-sampling photoionization mass spectrometry
(PIMS) at the ALS[14, 17, 16, 15, 66, 37, 55, 56, 25, 26, 34, 70, 62]. This approach is
widely exploited at the National Synchrotron Radiation Laboratory in Hefei, China
as well[58, 59, 77, 43, 68, 13]. By using synchrotron radiation, the photoionization
energy is tunable from 8 eV to 15 eV continuously and thus not limited by current
VUV laser sources. The advantages of this technique are its extensive signal to noise
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ratio and it is a “soft” ionization, which means the species in the flames only undergo
single photoionization with minimal fragmentation. With synchrotron radiation single
photoionization, the photoionization efficiency (PIE) curve at a mass-to-charge (m/z)
ratio of a gas mixture is produced with photon energies varying in a certain range. PIE
curves provided by known samples under well-defined conditions were used as “basis
functions” to identify the isomeric composition of unknown mixtures or products in
flames or kinetics studies.
Another traditional ionization technique, electron impact ionization, is a “hard”
ionization technique, which always produces extensive fragments[6, 11]. The signal
intensities decline precipitously near threshold, although the use of fixed low energy
electron impact has been applied to achieve some selectivity in product detection in
limited instances. In general, the selectivity of electron impact for identifying the
isomeric of a complex mixture is limited.

4.1.2

Mass spectrometry with a femtosecond laser source

In recent years, using shaped femtosecond laser pulses to achieve isomer specific
identification was explored by several groups but not widely used[27, 38, 74]. The
potential of using a femtosecond laser is that the experiment would not be limited to
synchrotron undulator beamlines and can be operated by routine laboratory applications. In the intense laser field, some molecules undergo extensive fragmentation, but
others show minimal fragmentation. For example, in 2001, Harada et al.[27] shown
distinct fragmentation of 1,3-cyclohexadiene (1,3-CHD) and 1,4-cyclohexadiene at 800
nm with a 120 fs pulse width. For 1,3-CHD, the parent ion dominated the mass spectra but there was much less parent ion signal in 1,4-CHD TOF mass spectrum. They
concluded that this depends on whether the molecular cation has resonance over-
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lapped with the femtosecond laser wavelength (usually the Ti-sapphire fundamental,
~780-820 nm). In 2008, Dantus et al.[47] discussed the fragmentation dependence
on the shape and the duration of the laser pulse. They concluded that the Fourier
transform-limited pulses yield minimum fragmentation for a given pulse duration
based on dozens of the molecules studied, the fragmentation only depends on the
averaged pulse duration. They also concluded that above the saturation intensity
(Isat , was discussed in Chapter 1), the ion signal in mass spectra is robust and has
strong signal-to noise ratio. The ionization is “semi-soft” because it not only produces
parent ion but also generates moderate system-specific fragmentation. In the kinetics
and flame studies at the ALS and Hefei, PIE curves of known samples are used as
“basis functions” to identify the complex isomers mixture quantitatively. In the work
presented here, the TOF spectra of known samples is considered as “basis functions”,
rather than PIE curves.

4.2
4.2.1

Experimental Setup
Apparatus
Source Chamber

Continuous jet
+ skimmer

Figure 4.1: The schematic diagram of the experimental setup.
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The experiment is carried out in a modified velocity map imaging apparatus[21,
69] but it is only used as a TOF mass spectrometer in these studies (Figure 4.1).
Two separate turbo-molecular pumps pump the source and main chambers differentially, and a conical skimmer separates the two chambers. Experimental samples of
propyne (Sigma-Aldrich 99+%), allene (Pfaltz&Bauer 96%), 1,3-butadiene (SigmaAldrich 99+%), acetone (EMD Millipore 99.5%), propanal (Aldrich 97%) and 1butyne(Sigma-Aldrich 99%) were used without further purification. A gas sample
containing ∼2-5% of the “known” sample or “unknown” mixture was seeded in helium
and introduced via a continuous nozzle (20 µm diameter) at a backing pressure of
∼1 bar. The partial pressure of each gas was measured by a capacitance manometer. The uncertainty in the prepared concentration of each gas sample or mixture is
estimated to be around 1% of the target value and is neglected in the analysis. The
pressure was maintained at 10−6 torr and 10−7 torr in the source and main chambers
(uncorrected ionization gauge readings) with the gas sample flowing. The pressure of
the gas sample was controlled by a needle valve to keep the pressure inside the source
and main chamber constant for the different gas samples and mixtures, ensuring a
constant total number density of the heavy components in the molecular beam. After
passing through a skimmer, the molecular beam arrived in the main chamber and
was intersected perpendicularly by a laser beam provided by an amplified 800 nm
femtosecond Ti:Sapphire laser system( nominally 45 fs, 3 mJ/pulse, 1 kHz KMlabs,
Wyvern 1000). After passing through a half-wave plate coupled with a thin film
polarizer set at Brewster’s angle, the linearly polarized laser beam was focused into
the main chamber by 30 cm focal length lens. The power of the laser could thus be
smoothly adjusted by rotating the half-wave plate manually. The repeller voltage was
maintained at +1400 V, the extractor was maintained at +1230 V, and another lens
operated at +1080 V. After passing through a 1 m field free flight tube, the ions were
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detected by a dual MCP/P-47 phosphor screen detector of 75 mm diameter. The
TOF data was recorded by a PMT fed to a digital oscilloscope where it was averaged
and transferred to a computer for additional accumulation, display and storage. Because this is a DC slice imaging apparatus[69], mass resolution has been sacrificed
for reduction of chromatic aberration in imaging experiments. Future studies will
employ a reflectron for higher mass resolution, but the limited mass resolution does
not interfere with our ability to analyze and quantify the samples, as seen below, and
may reduce the sensitivity of the data acquisition to electronic jitter.

4.2.2

Detection sensitivity

To discuss the sensitivity of the detection, we need to consider the focal volume
effect of the laser beam at first. The laser beam profile is approximated to be a
Gaussian beam profile. The Gaussian beam waist radius (minimum spot size ω0 )
is estimated to be 30 µm using a 300 mm focal lens. The Rayleigh range (zR ) is
πω02
indicated as the length of focus and it is given by zR =
. It is 3.5 mm along the
λ
laser propagation axis. Therefore, the focal shell by the laser beam can be simulated
to a concentric cylinder and the volume of the sample ( Vi ) above the ionization
threshold ( Ii ) can be calculated by the the formula Vi = 2/9πω02 zR (If /Ii )3/2 [47]
(If is the peak intensity of laser beam). For propyne, if the laser peak intensity is
1.9 × 1014 W/cm2 , the calculated volume ( Vi ) above the saturation intensity ( Ii =
Isat ≈ 1.1 × 1014 W/cm2 ) is around 5 × 10−8 cm3 .
For our experiment, the pressure of propyne behind the nozzle is ∼13.5 torr. It is
obtained by the equation below.

Ppropyne =

Pchamber Ŝ
2 × 105 × A(m2 )

(4.1)
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Pchamber is the pressure in the source chamber with gas flow, Ŝ is the pumping
speed and A is the area of the aperture. The laser interaction area is 34.5 cm away
from the nozzle (d = 34.5 cm). The pressure around the interaction area is calculated
by the following equation

Pf ocal = Ppropyne (

xM 2
)
d

(4.2)

where xM = 20 µm is the nozzle diameter. The propyne pressure of the laser
focal area is 5 × 10−8 torr with the 20 micron diameter nozzle, which corresponds
to a number density of 1.5 × 109 cm−3 . Isat has been discussed by Corkum et al. in
detail and it is assumed as a value that all the species in the focal volume are ionized
as discussed in Chapter 1. Therefore, it is about hundred molecules ionized in the
focal volume. The dominant species in the stain steel chamber are H2 , CO and H2 O.
The saturation intensities of H2 and CO are much higher compared with propyne and
other samples using in the experiment as well, which are ∼ 1017 and 1019 W/cm2 [72],
respectively. Thus, the focal volumes related to H2 and CO are very small and can
be ignored. The main background signal should be from water ions. The background
pressure of the laser focal area in the main chamber is 1 × 10−8 torr, so there are
less than 10 water molecules ionized in the same area.
In the isomer specific experiment operated by T.Cool et al.[14] at the ALS, the
concentration profile of the ions detected was ~10−9 mol/cm3 . But for SFI detection,
the mole concentration profile of the ions is ~10−14 mol/cm3 assuming the detection
efficiency of the detection is around 50%. Compared with ALS experiment, the sensitivity of SFI detection is much greater, although the maximum detection volume is
small.
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4.3
4.3.1

Results and Discussion
Allene and Propyne

Figure 4.2: Laser intensity dependence of time-of-flight spectra of propyne and obtained by strong field ionization above 1.1 × 1014 W/cm2 .
We first show the variation in the strong-field ionization mass spectrum with laser
intensity. In all spectra presented here, the laser beam is assumed to have a Gaussian
intensity profile, and the laser pulse duration is minimized and estimated to be on
the order of 70 fs at the interaction region. These assumptions give reasonable values
for the saturation intensities for the different detected species as discussed below.
The raw TOF spectra of propyne (CH3 CCH) at a range of laser intensities (above
1.1 × 1014 W/cm2 ) are shown in Fig. 4.2. The fragmentation of propyne is not
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complicated, and the major peaks are assigned in the spectra. The dominant signal
is the singly charged parent ion (m/z=40) and methylidene cation (m/z=13). We can
also assign the peaks of C2 H+ , C3 H3 2+ and CH2+ . There is also a strong signal at both
molecular and atomic hydrogen. The fragmentation of allene is different from propyne
and will be discussed later. For both propyne and allene TOF spectra, the magnitude
of each peak grows with increasing laser intensity; however, the relative peak intensity
is largely independent of laser power in this region, and this is consistent with the
observation reported by Dantus and coworkers that it is the laser pulse duration
rather than the peak intensity that has the greatest impact on fragmentation, with
Fourier transform-limited pulses giving the minimum fragmentation.
The total ion yield and that of the parent ion were then obtained by integrating
the TOF spectra of propyne (Fig. 4.2) and allene (not shown). Fig. 4.3 shows the
total ion yield of allene and propyne as a function of laser intensity. If strong-field
ionization is treated using the barrier suppression ionization model then a plot of the
ion intensity versus the logarithm of the laser intensity yields a straight line, and its
intercept with the laser intensity axis gives the saturation intensity, Isat . Under these
conditions the ionization is saturated within the focal volume, and the growth in the
ion yield represents the increase in the effective focal volume with laser power. This
gives a rough indication of the ease of ionization, and in general it tracks the ionization
energy of the molecule under study. The corresponding plots for allene and propyne
are shown in Fig. 4.3: Isat values of 1.08×1014 and 1.13×1014 W/cm2 were obtained for
allene and propyne, respectively. These are in reasonable agreement with the values
reported by Cornaggia et al.[18] and Uiterwaal et al.[72] and consistent with the
respective ionization energies of 9.69 and 10.32 eV[45]. As discussed by Dantus[47],
measurements are more reliable above the Isat because the robust signal results in the
high signal-noise ratio and the ionization mechanisms do not change in this region.
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All the mass spectra presented here were collected above Isat .

Figure 4.3: Total ion yield of allene and propyne as a function of laser intensity.
Saturation intensities (Isat ) are obtained by linear regression to the linear regions of
the spectra.
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a) Propyne

b) Allene

Figure 4.4: Experimental mass spectra produced by strong field ionization of a)
propyne, b) allene.
If we compare the mass spectra of allene and propyne measured at a laser intensity
of 1.5×1014 W/cm2 (above Isat of both isomers) shown in Fig. 4.4, it is easy to identify
the fragmentation differences between them, especially around the parent ion mass
range. In each of these spectra, the water peak (m/z=18) is from background in
the chamber. For propyne, the peak of the parent ion is seen at mass 40, but allene
shows a peak at m/z=39 (parent minus H, ([P-H]+)), dominating the mass spectrum.
Allene also has a small peak at m/z=20, double ionization of the parent molecule
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(P2+ ). These distinct peaks dominate the mass spectra for each isomer, so when we
examine a mixture of allene and propyne, the presence of both isomers is immediately
apparent and their contributions easily quantified. The TOF spectrum of the mixture
was carried out at the same laser intensity and the same total concentration as each
pure sample. Since each isomer has characteristic fragmentation, its mass spectral
“fingerprint” may be used to identify and quantify its contribution to the mixture.
The mixture was prepared with 40.4% propyne and 59.6% allene as summarized in
Table 4.2. The spectra were recorded with 12,000 laser shots corresponding to ~2
minutes at a laser repetition rate of 1 kHz.

Figure 4.5: Experimental mass spectra by strong field ionization of allene-propyne
mixture.
A simple linear regression model (Eq (4.1)) using was used to fit the mixture
spectrum to a linear combination of the pure allene and propyne spectra:
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I mix (t) = xa Ia (t) + xp Ip (t) + C

(4.3)

Imix , Ia and Ip represent the ion intensity in a certain flight time range of interest for
the mixture, allene and propyne spectra, respectively. The constant C corresponds
to the baseline variation of the oscilloscope. The allene-propyne mixture sample
contains 38.9% propyne and 61.1% allene. The results from the fitting in various
laser intensities from 1.1 × 1014 W/cm2 to 1.9 × 1014 W/cm2 are illustrated Table
4.1. In Fig. 4.5, we illustrated the fitting mass spectra with the mass spectrum
obtained from experiment in laser intensity 1.5 × 1014 W/cm2 . The composition of
the allene-propyne mixture inferred from the fits agrees quite well with the known
concentration. This result shows the promise of isomer-specific detection based on
characteristic fragmentation patterns in strong-field ionization.

Table 4.1: The composition of allene-propyne mixture at various laser intensities.

4.3.2

1-butyne and 1,3-butadiene

The experiments with 1-butyne, 1,3-butadiene and the mixture were operated in
the same method.We show the mass spectra of them in Fig. 4.6 at the range of
m/z from 17.35 to 60. From the mass spectra, the fragmentation of 1-butyne and
1,3-butadiene are similar to each other. For 1,3-butadiene, it has stronger signal of
parent ion than that of 1-butyne. However, in the mass spectra of 1-butyne, there is a
+
stronger peak of C3 H+
or CH2 CC + ( propagyl radical
3 , which represents CH2 CCH
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ion). For this pair of isomers, it is not easy to distinguish them with comparing only
the fragmentation of each mass spectra. Because their mass spectra “finger prints”
are not that significant and unique, none of them has an unique mass peak from the
fragmentation to distinguish from each other. However, if we only want to know the
concentration of each isomer in the mixture quantitatively, the linear regression model
can also be applied using the pure samples spectrum. This time, we only collect the
spectrum in a certain laser intensity (1.9 × 1014 W/cm2 for 1,3-butadiene, 1-butyne
and the mixture) to avoid any artificial error occurred by manually changing the
power. The TOF spectra of pure 1,3-butadiene and 1-butyne were collected in 120 K
laser shots, and the averaged spectra was used to fit the mixture recorded in 12000
laser shots. The fitting was repeated 10 times, and the results are shown in Table
4.2.
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Figure 4.6: Experimental mass spectra by strong field ionization of 1-butyne, 1,3butadiene and a mixture.

Table 4.2: Summary of all the experimental analyses of mixture composition. The
numbers in parentheses denote 2σ uncertainty obtained from a series of independent
measurements as described in the text.

4.3.3

Acetone and Propanal

Another pair of isomers, acetone and propanal, is examined with the same method.
Fig. 4.7 shows the mass spectra of propanal, acetone and the mixture with the range
of m/z=17 and 65. In propanal mass spectrum, the dominate peaks are the parent
ion and the peak at m/z=29, which may be the formyl or ethyl radical or both. On
the other hand, for acetone, it has peak of acetyl radical and a stronger peak of the
parent ion, but there is nearly no peak around m/z=29.

57

Figure 4.7: Experimental mass spectra by strong field ionization of acetone, propanal
and a mixture
Exploiting the characteristic fragmentation of acetone and propanal, we used the
spectra of pure acetone and propanal to fit the spectrum of the mixture. The spectra
of pure acetone and propyne were collected for 96K laser shots, and the averaged
spectrum was used to fit the mixture recorded for 12000 laser shots. The fitting was
repeated 9 times, and the results are shown in Table 4.2.

4.3.4

Allene, propyne and 1,3-butadiene

This method to identify the composition of each molecule is not limited to isomers.
Fig. 4.8 displays the mass spectra of allene, propyne, 1,3-butadiene and the mixture
of them. The fragmentation of allene and propyne was discussed earlier. For 1,3-
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butadiene, the parent ion (m/z=54) dominates the spectrum and there is no peaks
around m/z=39 and 40. The mixture spectrum has strong peaks at m/z=39 and 40
which indicates the presence of allene and propyne.

Figure 4.8: Experimental mass spectra by strong field ionization of allene, propyne,
1,3-butadiene and a mixture.
The fitting method is also based on a the linear combination of the mass spectra of
each molecule. The mass spectra of allene, propyne and 1,3-butadiene were averaged
for 144K laser shots. They were then used to fit the mixture spectrum, which is
recorded for 12000 laser shots and averaged 12 times. The fitting result is summarized
in Table 4.2.
Strong field ionization is thus considered to be a “semi-soft” ionization compared
with electron impact ionization. Electron impact is a powerful and universal method,
but it is a “hard” ionization method with little parent ion and huge fragmentation.
For allene and propyne, the mass spectra by electron impact[45] are nearly identical
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to each other and impossible to use for isomeric composition detection.
The mass spectrum of 1,3-butadiene generated by electron impact shows strong
peaks at m/z=39 and 40[45]. This overlaps with the mass spectra of allene and
propyne by electron impact and one could not specify the existence of allene and
propyne in the mixture on this basis. Compared with electron impact, strong field
ionization is a general method that can achieve the selective identification for complex
mixtures.

4.3.5

Conclusion

In this chapter, we reported a new method of isomer selection measurement quantitatively by use of nonresonant multiphoton ionization mass spectra. The concentration of each isomer in a complex mixture is determined by the mass spectra of each
isomer in the strong field ionization by a femtosecond laser. The results of fitting
have a good agreement with known concentration of the prepared sample. The selectivity of this “semi-soft” ionization is more sensitive compared with electron impact
ionization. Since the apparatus is designed for DC slice imaging, the mass resolution
has been sacrificed for velocity resolution. In the future, a reflectron for higher mass
resolution will be employed. The isomer selective detection will be used to explore
multichannel reactions in the flame or photodissociation to understand the mechanism
of the reaction of polyatomic molecules.
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In an intense laser field, atoms and molecules experience tunneling ionization
directly to the continuum. We used this method to study several aspects and applications of strong field ionization (SFI) in atoms and molecules. One study used SFI
to probe the photofragments produced by photodissociation using DC sliced imaging. The photodissociation mechanism of two polyatomic molecules (sulfur dioxide
and nitromethane) were investigated. In a second study, we show the strong field
ionization rate depends on the sign of the magnetic number distribution. We detect
the signal of sequential double ionization of argon dications by a pump-probe method
to investigate the ionization rate sensitivity to circularly polarized light. In a third
study, we also found that the modest fragmentation that accompanies strong field
ionization may be used to identify isomers and molecules in a complex mixture based
on their mass spectral “finger print”. The experiments were carried out in a DC sliced
imaging apparatus. For the isomer selective detection experiment, the machine was
used simply as a time-of-flight mass spectrometer. The mass spectrum of each isomer
was used as “basis function” to characterize the complex mixtures quantitatively.

73

AUTOBIOGRAPHICAL STATEMENT
Lu Yan

Education:
Aug 2013
Jul 2008
China.

Ph.D., Chemistry (anticipated), Wayne State University.
B.S., Physical Chemistry, University of Science and Technology of

Recent Publications:
1. S.K. Lee, Y.F. Lin, L. Yan, W. Li. “Laser-Induced Low Energy Electron Diffraction in Aligned Molecules” J. Phys. Chem. A 2012, 116, 1950
2. Y.F. Lin, L. Yan, S.K. Lee, T. Hearth, W. Li, “Orbital alignment in photodissociation probed using strong field ionization” J. Chem. Phys. 2011, 135, 234311
3. T. Herath, L. Yan, S. K. Lee, W. Li, “Strong field ionization depends on the
sign of the magnetic quantum number” Phys. Rev. Lett. 2012,109, 043004
4. L. Yan, F. Cudry, W. Li, A. G. Suits. “Isomer-specific mass spectrometric
detection via “semi-soft” strong-field ionization”, J. Phys. Chem. A, in press.

